The lipid composition regulates the physicochemical properties of biological membranes, such as structure, fluidity/viscosity, permeability, microdomain formation, shear stress, etc. (1, 2) . Lipid membrane properties regulate membrane protein functions such as enzyme activity, protein-membrane interactions, receptor binding, etc. (3) (4) (5) (6) (7) (8) .
In this context, fatty acids (FAs) are major components of membranes, mainly bound to phospholipids and cholesterol esters. In addition, free fatty acids (FFAs) can also be found in natural membranes. Their levels are usually low (around or under 1% of total lipids), but in certain membranes (such as the small intestine brush border membrane) they are important components whose abundance is similar to that of cholesterol or phosphadidylethanolamine (PE) (9) . On the other hand, the composition of biological membranes is influenced by the type of fat present in the diet. Thus, diets rich in oleic acid (OA) (such as the Mediterranean diet) are associated with increased levels of this FA in various plasma membranes of rats and humans (10) (11) (12) . Interestingly, changes in membrane levels of OA are accompanied by modulations in the function of various proteins (11, 12) . Beyond the molecular and cellular considerations of the plasma membrane composition, it has been consistently observed that a high intake of OA is associated with a reduced risk of developing cardiovascular and tumoral pathologies (13) (14) (15) (16) . Moreover, synthetic derivatives of OA have been developed as anticancer and antihypertensive drugs because of the regulatory effects that they exert on membrane structure and signaling through G-protein-coupled receptors (Spain-Patent 200102269). However, the molecular mechanisms involved in the modulation of the membrane structure and function by FAs are not fully understood.
PE is the major phospholipid species in bacterial membranes and in the inner leaflet of mammalian plasma membranes (3) . PE is mainly organized into lamellar structures that define the cell, constituting a physical boundary and support for the membrane proteins. PEs are hexagonal (H II )-prone lipids at high temperatures because of their "molecular shape," which resembles a truncated cone and confers a negative curvature strain to model (17, 18) and biological membranes (19) .
Numerous studies have demonstrated that localized or mobile, stable, or transient nonlamellar lipid structures exert defined membrane functions (4, 20, 21) . Some of the roles attributed to H II -prone phospholipids include facilitation of fusion and fission of bilayers (22, 23) , modulation of membrane permeability and elasticity (2) , protein transport (8) , the regulation of G-protein and protein Kinase C (PKC) localization and activity (5) (6) (7) , as well as chaperone-like activity (3) among others. Thus, the special features conferred to membranes by PE are crucial to membrane structure/function.
The present work was designed to study the effect of the C-18 FAs, OA ( 18:1 cis ⌬ 9 ) , elaidic acid (EA, 18:1 trans ⌬ 9 ), and stearic acid (SA, 18:0 ) on the structural properties of lamellar and nonlamellar PE bilayers. In this context, X-ray scattering is the most appropriate technique to characterize the mesomorphic behavior of membrane phospholipids and the alterations induced by FAs or other molecules. Here, it has been shown that OA modulated the membrane structure, inducing negative membrane curvature strain (H II -phase facilitation) on PE lipids, whereas the closely related FAs, EA and SA, did not alter markedly the phospholipid bilayer and H II properties. Because the plasma membrane structure regulates a wide variety of cell functions (see above), the present results are relevant to understanding the relationship between membrane structure and function (e.g., 8, 24, 25) .
EXPERIMENTAL PROCEDURES

Materials
1,2-dielaidoyl -sn-phosphatidylethanolamine (DEPE), 1,2-dioleoyl -sn-phosphatidylethanolamine (DOPE), and 1-palmitoyl,2-oleoyl -sn-phosphatidylethanolamine (POPE) were purchased from Avanti Polar Lipids, Inc. OA, EA, SA ( 18:0 ) , and N -(2-hydroxy ethyl) piperazine-N Ј -(2-ethanesulfonic acid) sodium salt (Hepes) were purchased from Sigma (Madrid, Spain). Lipid and FA stocks were stored under argon at Ϫ 80 Њ C until use. Control differential scanning calorimetry of multilamellar liposomes from these phosphatidylethanolamine (PE) derivatives were used to evaluate the phospholipid quality beyond TLC analysis. Calorimetric scans showed highly cooperative phase transitions at temperatures in agreement with published values (5).
Sample preparation
Multilamellar lipid vesicles (15% phospholipids; 85% water, by weight) were prepared in 20 mM Hepes, pH 7.4, in the absence or presence of the above FAs and at the molar ratio indicated below. Samples were thoroughly homogenized with a pestle-type minihomogenizer (Sigma) and vortexed until a homogeneous mixture was obtained. The suspensions were submitted to three temperature cycles (heated up to 70 Њ C and cooled down to 4 Њ C). Then, they were immediately stored at Ϫ 80 Њ C under argon until use. Before X-ray scattering experiments, samples were allowed to equilibrate at 4 Њ C for 72 h.
X-ray scattering
Small-and wide-angle (SAXS and WAXS) synchrotron radiation X-ray scattering data were collected simultaneously using standard procedures on the Soft Condensed Matter beamline A2 (26) (27) (28) at the storage ring DORIS III of the Deutsches Elektronen Synchrotron (DESY).
Positions of the observed peaks were converted into distances, d , after calibration using standards with well-defined scattering patterns. Silver behenate and polyethylene theraphtalate were used to calibrate the SAXS and WAXS regions, respectively. Data from each sample were acquired continuously for 15 s at each temperature, followed by a waiting time of 45 s with a local shutter closed. Linear detectors with delay line readout were used (29) . The measurements were designed to compare the effects of the various FAs used on the H II -phase propensity. During data collection, samples were heated from 27 Њ C to 75 Њ C (DEPE), 2 Њ C to 32 Њ C (DOPE), or 27 Њ C to 80 Њ C (POPE) at a scan rate of 1 Њ C/ min. Then, they were kept at the highest temperature for 5 min and finally cooled down to the lowest temperature at the same scan rate. At the end of the experiment, the samples were maintained at the lowest temperature for 5 min to confirm the phase structure. The experimental conditions did not affect the phase sequence structures or their parameters (e.g., their characteristic dimensions). Interplanar distances, d hkl , were calculated according to Eq. 1:
where s is the scattering vector, 2 is the scattering angle, (0.15 nm) is the X-ray wavelength, and hkl are the Miller indexes of the scattering planes. For H II -phases, the unit-cell dimension, a, was calculated using the following relationship: a ϭ 2d 10 /3 1/2 . This parameter ( a ) also corresponds to the diameter of the rods forming the hexagonal lattice. The lamellar L ␣ phase was identified in the temperature scans by a single reflection peak at s ‫ف‬ 0.19 nm Ϫ 1 , with a very good signal-to-noise ratio, occurring between patterns associated with the gel (L ␤ ) and H II phases.
RESULTS
DEPE systems
The structural properties of DEPE dispersions were analyzed in the absence or presence of increasing concentrations of OA, EA, and SA.
DEPE-OA mixtures. In the absence of OA, DEPE clearly showed a phase sequence from lamellar gel L ␤ to lamellar liquid crystalline L ␣ to hexagonal H II phase, with increasing temperature. The presence of OA inhibited the occurrence of the L ␣ phase ( Fig. 1 ). This effect was concentration dependent, since the range of temperatures where lamellar and nonlamellar phases occurred depended on the DEPE-OA molar ratio. The greater the OA content, the narrower the L ␣ -phase temperature range. At a molar ratio of 10:1, the L ␣ phase was not observed at all.
The incorporation of small amounts of OA into the DEPE bilayer increasingly induces the formation of H II phase. At small amounts of OA, this phase has characteristics similar to the H II phase formed by KH dioleate (30, and refs. therein) at higher water content, ‫ف‬ 42 wt%. At high amounts of OA in the mixture, say PE-OA 1:1, one would expect a different effect, i.e., a separation of the mixture into two homogeneous phases: one, H II , containing almost pure DEPE and another, L ␣ , containing almost only OA.
Lamellar phases. All samples studied showed a lamellar gel L ␤ phase up to 38 Њ C with an approximately constant repeat distance of 6.4 nm. The similarity observed between gel phases of pure DEPE and DEPE-OA mixtures indicated a complete incorporation of the FA into the lipid bilayer, as previously described (31) . DEPE, in the absence of FAs, showed a single L ␣ phase between 38-60 Њ C. From 61 Њ C to 66 Њ C, L ␣ and H II phases coexisted. Above 66 Њ C DEPE was organized into an H II structure. Along the temperature range L ␣ was observed, the repeat distance measured decreased linearly from 5.48 nm (38 Њ C) to 5.11 nm (66 Њ C). The lattice parameter for H II phases also decreased linearly in a temperature-dependent manner. Compression coefficients for these structures are shown in Table 1 .
The presence of OA drastically changed the temperature range of stability of the single L ␣ phase (Fig. 1) . OA, at a molar ratio of 40:1 (DEPE-OA), induced a significant decrease (about 15 Њ C) in the L ␣ -to-H II phase transition temperature (T H ϭ 46 Њ C), and both phases coexisted in the range of 46 Њ C to 52 Њ C. Note the ‫ف‬ 6 Њ C temperature range of coexistence of these phases, as observed in the single DEPE system. The L ␤ -to-L ␣ transition, however, was not markedly altered by the presence of the FA (Tm ϭ 37ЊC in the absence or presence of OA). The influence of OA was further evidenced by the enhancement of the thermal sensitivity of the lamellar lattice parameter ( ∂d / ∂T ), whose value changed from Ϫ0.012nm/ЊC (in the absence of OA) to Ϫ0.016 nm/ЊC (in the presence of OA). Higher OA content (DEPE-OA 20:1, mol/mol) (Figs. 2, 3 ) induced greater effects on the structural properties of DEPE dispersions. First, the occurrence was observed of a broad peak alongside the reflections characteristic of the gel L ␤ phase. Heating induced a shift of this broad peak toward smaller angles, accompanied by a loss in resolution. Further characterization of this peak was not possible with the available data. Second, the L ␤ phase was clearly identified by a sharp and intense SAXS reflection, accompanied by a well-defined reflection in the WAXS region (Fig. 2) . The corresponding lamellar spacing remained constant in the temperature range of its occurrence.
OA strongly destabilized DEPE lamellar L ␣ phase, which was observed only from 38ЊC to 53ЊC and coexisted with either L ␤ or H II phases (DEPE-OA, 20:1 mol/mol). The thermal sensitivity of the lamellar lattice parameter ( ∂d / ∂T ) was Ϫ0.014 nm/ЊC. An interesting aspect of this transition was the continuity of the interplanar distance between L ␤ and H II phases, which led us to consider an epitaxial relationship between the (10)-planes of both phases (see below). In this situation, the phase transition was identified by the WAXS region peaks (Fig. 2) . The complete vanishing of the peak in the WAXS characterized the change from a well-organized all-trans to liquidlike conformation of the acyl chains of the phospholipid and OA present in the mixture. It is also interesting to note that in the temperature range where L ␣ and H II phases coexisted, the lattice parameter of the hexagonal phase H II remained basically constant (6.4 nm), decreasing only after the system turned monophasic (Fig. 3) .
In the presence of higher OA concentrations (DEPE-OA, 10:1, mol/mol), the L ␣ phase was not observed over the temperature range studied (27-75ЊC) (Figs. 4, 5) . The L ␤ phase appeared between 27ЊC and 35ЊC, coexisting with the hexagonal phase. Above this temperature, the L ␤ phase vanished and the lipids reorganized directly into H II phase (35-75ЊC) without transit through the liquid crystalline L ␣ phase. It is noteworthy that the L ␤ phase showed also a constant lattice parameter of 6.35 nm along the temperature range where it was observed, but the H II showed a different behavior (Fig. 3) . In the two-phase temperature range (27-35ЊC), H II phases expanded linearly ( ∂d / ∂T ϭ 0.13 nm/ЊC), whereas in the single phase region, there was a temperature-dependent contraction ( ∂d / ∂T ϭ Ϫ0.020 nm/ЊC). In addition, this phase contraction was one order of magnitude smaller than the H II phase expansion observed in the two-phase region. H II phases. In all DEPE-OA mixtures studied, a single hexagonal phase appeared at high temperatures (Figs. 3,  5) . At lower temperatures, lamellar (L ␣ or L ␤ ) and H II structures coexisted. The threshold temperature for H II phases, either alone or forming a binary system, greatly depended on OA concentration. For low OA concentrations (DEPE-OA, 40:1 and 20:1, mol/mol), the binary system consisted of H II and lamellar L ␣ phases, while for high OA concentrations (DEPE-OA, 10:1, mol/mol), the binary system was formed by H II and L ␤ structures. The temperature range of coexistence of these phases also depended on the DEPE-OA ratio in the mixture. For all DEPE-OA systems studied, the compressibility of the H II lattice parameter was inversely proportional to temperature increase ( ∂d / ∂T Х Ϫ0.022 nm/ЊC). The H II phase contraction factor was about 2-fold greater than that of the lamellar L ␣ phase ( ∂d / ∂T Х Ϫ0.014 nm/ЊC) ( Table 1 ). This effect is indicative of a phase dehydration with a concomitant reduction of the surface area per molecule. The negative value of the thermal coefficient ( ∂d / ∂T Ͻ 0) for both phases (L ␣ and H II ) can be attributed to a continuous coiling up of the acyl chains forming the mesomorphic units of the structures. At the initial formation of the hexagonal phase, a typical lattice spacing of 6.4 nm was observed, with the exception of DEPE-OA at a molar ratio of 10:1 for which this value was smaller (i.e., 5.9 nm). This reduced value of the lattice parameter implies a more effective packing of the molecules, and may account for the direct transition between L ␤ and H II phases, without the formation of the liquid crystalline lamellar L ␣ phase.
"Apparent" epitaxial relationship. Structural aspects of the L ␤ -to-H II phase transition of DEPE-OA (20:1, mol/mol) are complex. The sequence of diffraction patterns collected during the temperature scans showed defined phase transitions that allowed unequivocal characterization of the structures and their respective lattice parameters. The diffraction patterns always showed a peak at s ϭ 0.155 nm Ϫ1 (see Eq. 1 in Experimental Procedures), which apparently related epitaxially the L ␤ and H II phases. Al- though through the transition the broadness and intensity of this peak changed drastically, its position could still be clearly identified. It was associated with the (10)-planes of both L ␣ and H II phases. Changes in the peak features marked the L ␤ -to-H II phase transition, where significant morphological changes in the mesogenic units take place; therefore, neither positional nor orientational order can be maintained properly, causing the peak broadening. Simultaneously, the phase transition was also observed between L ␤ and L ␣ phases, with onset at the same temperature. In this situation, the gel phase initially develops into two phases, L ␣ and H II phases. At higher temperatures, L ␣ also turns into a H II phase. The mechanism of such complex phase transition is still unclear and beyond the scope of the present study. With the data available, we could not quantify the relative amount of each phase formed upon the gel transition. However, the peak intensities (s ϭ 0.155 nm Ϫ1 ) suggested a greater abundance of L ␣ phase with respect to H II phases when both phases coexisted in the DEPE-OA sample at a molar ratio of 20:1. This could be due to the melting of the acyl moiety that induced a negative curvature strain necessary to form rods characteristic of hexagonal phases. In this system, the lamellar phase plays the role of an intermediate, as in chemical reactions, in which the transformation among reagents and products follows a competitive path between kinetic and energetic dominance. For the DEPE-OA (20:1) system, the L ␣ phase is kinetically favorable but with higher total energy, therefore soon after its formation, it transforms into the energetically favorable hexagonal phase. Although the phase transition contained the elements required for an epitaxial relationship between these phases, additional events taking place simultaneously, e.g., the formation of the L ␣ phase, impaired a proper classification as such. Therefore, we called it an "apparent" epitaxial relationship between gel and H II phases.
Although little is known about the modulation of membrane structural properties by FAs, there is evidence that the incorporation of amphiphilic molecules into the lipid matrix induces drastic changes in the bilayer behavior. For example, the addition of nonionic surfactants into phosphatidylcholine bilayers modifies the structure of the lipid self-assembly when compared with the phospholipid alone (32) . Thus, in the presence of C 12 EO 4 (tetraethyleneglycolmono-n-dodecylether), dipalmitoyl phosphatidylcholine (a lamellar-prone lipid) formed a pseudobinary mixture in excess of water (33) . Similarly, POPC organizes into H II phases in the presence of C 12 EO 2 , although neither molecule aggregates into nonlamellar structures separately (34). C 12 EO 2 -POPC (1:2, mol/mol) mixtures are arranged into L ␤ and H II structures below 20ЊC, but only a single H II phase is observed above this temperature. Interestingly, in the two-phase region, the H II phase expands while heating, but when the system turns into a single H II phase, it undergoes contraction (35) . A similar behavior was observed here for DEPE-OA, 10:1 (mol/mol).
Recently, Yang and Huang, studying diphytanoyl phosphatidylcholine (DPhPC) supported on a silicon nitride window using 2D diffraction patterns, were able to determine the structure of a stalk (rhombohedral), an intermediate structure between L ␣ and H II (36) . This structure is part of a current model for cell fusion, thus the strong interest in determining its parameters and conditions of occurrence. The spontaneous question that arises is if we would get the same structure using similar preparations and conditions with our samples. We do not expect so for different reasons. First, our samples contain much more water, 85 wt%, which brings the system to an excess of water condition. This means both lipid and FA in the mixture are fully hydrated, against a relative humidity of 70-80% in the study on DPhPC. Finally, in multi-component systems, one would expect that at a point of large changes in topology, as is necessary for the formation of the stalk structure, segregation between the components should occur. In this situation, the system can no longer be considered homogeneous on a microscale; therefore, comparison between these systems has to be viewed with great care and attention to their differences in preparation. Moreover, the system based on the polyoxyethylene glycolalkyl ether, C 16 EO 6 , in water when studied under very slow temperature scan rate, also showed a rhombohedral phase (37) , but with no indication of stalk formation, although the X-ray data were collected with a linear detector. Despite large differences in structure, C 16 Fig. 6 ) followed a similar trend. In DEPE-SA mixtures, L ␣ was observed as a single phase up to 60ЊC, and it was present until 66ЊC along with an H II phase. In the absence of SA, the temperatures for these phases where 61ЊC and 66ЊC, respectively. DEPE-EA (20:1, mol/mol) mixtures showed a single L ␣ phase up to 57ЊC and L ␣ ϩH II up to 59ЊC. Over 66ЊC for DEPE-SA, and over 59ЊC for DEPE-EA, a single H II phase was observed (Table  1) . On the other hand, the H II lattice parameter of DEPE was altered by OA (6.27 nm and 5.87 nm for DEPE and DEPE-OA, 20:1, mol/mol, respectively), but EA and SA did not induce important changes in this parameter at 72ЊC (6.21 nm and 6.33 nm, respectively) ( Table 1) .
DOPE systems
DOPE arranges into nonlamellar H II structures at low (physiological) temperatures. Using this lipid, we could study the influence of the FA conformation (cis or trans) on the hexagonal phase properties between 2ЊC and 32ЊC (Table 1 ). In these phospholipid-FA mixtures, EA had little effect on DOPE structures compared with its cis isomer, OA. Differences in d 10 values at 30ЊC support the specific effect of the cis double bond conformation on the phospholipid structure dimensions. The mixture of DOPE-OA had a significantly smaller lattice value (d 10 ϭ 5.47 nm), and therefore a smaller rod diameter than DOPE-EA (d 10 ϭ 6.09 nm) and pure DOPE (d 10 ϭ 6.28 nm). The thermal compression of the hexagonal lattice parameter ( ∂d / ∂T ‫ف‬ Ϫ0.021 nm/ЊC) for DOPE and DOPE-EA was similar to that of DEPE samples. In contrast, the mixture DOPE-OA had a significantly different value ( ∂d / ∂T ‫ف‬ Ϫ0.014 nm/ЊC), indicating that the thermal sensitivity of DOPE is altered by the presence of OA. Comparison of the systems DOPE-OA and DEPE-OA at the same molar ratio (20:1) also demonstrated the influence of the cis double bond on the phospholipid structure, inducing the formation of H II phase in mixtures containing DOPE, but not DEPE at 30ЊC (Table 1) .
POPE systems
We also studied the effect of OA on POPE to further determine the effect of this FA on another PE derivative with two different acyl chains. POPE dispersions organized into lamellar phases over most of the temperature range studied (27ЊC to 80ЊC). L ␤ and L ␣ phases coexisted and could be individually identified over a large range of temperatures up to 37ЊC. Between 37ЊC to 71ЊC, we observed a single lamellar (L ␣ ) phase. Over 71ЊC, L ␣ and H II phases coexisted. In the temperature range of this study, a single-H II phase was not observed. OA lowered the L ␣ -to-H II phase transition temperature from 71ЊC to 51ЊC. Above 51ЊC, both L ␣ and H II phases coexisted up to 62ЊC when the system turned into a single H II phase (Fig. 7) . This result clearly indicated that OA also facilitated the formation of POPE hexagonal phases. The lattice parameter of POPE was also altered by the presence of OA (6.34 nm and 5.92 nm in the absence or presence of OA, respectively). The compressibility factor for the H II phase of POPE (Ϫ0.029 nm/ЊC) increased in the presence of OA (Ϫ0.019 nm/ЊC), similar to what it was observed for DEPE and DOPE. It should be noted that for phospholipid-OA mixtures with molar ratio 10:1, DEPE and POPE showed essentially the same compressibility factor (Table 1) .
DISCUSSION
FAs are important components of plasma and other membranes. The membrane core is formed by the FA moieties of phospholipid and cholesterol esters. In addition, low levels of FFAs are also present in biological membranes (9, 38) (around 0.3-10% of total lipids) whereas PE constitutes about 5-50% of total lipids in membranes, so that the FA-PE ratios used here are of biological relevance. In this context, it is of special interest to study the effects of FAs on membrane structure because of its further influence on membrane protein function. Several works support the involvement of the plasma membrane properties in the control of membrane protein activity and the cell physiology (1, (39) (40) (41) . Moreover, altered levels of FFAs have been associated with pathological states (38) . In addition, the relevance of FAs in the control of the membrane structure and function is noteworthy in small intestine brush border membranes, which contain high levels of FFAs (comparable to the levels of cholesterol and the major phospholipid species) (9) . These membranes are specialized in internalizing nutrients from the intestine lumen, so that transport and exoendocytic processes are common events in this type of membrane. These cellular functions are facilitated by the hexagonalphase propensity (42) , which is highly favored by the presence of OA, as it is shown in our study. Then, the results shown here may explain, at least in part, the role of FAs in the special properties of brush border membranes or during certain pathological states. On the other hand, the type of fat in the diet modulates the levels of FAs in cell membranes (10) (11) (12) 43) . The Mediterranean diet is rich in olive oil, mainly composed by triglycerides (containing about 80% of OA), which are processed by lipases and other enzymes during digestion. High olive oil intake has been associated with a lesser incidence of hypertension and cancer (14, 16, (44) (45) (46) . Until now, the healthy effects of olive oil have not been associated with any specific mechanism of action. The present study constitutes a first step to understanding the possible relationship between OA/olive oil intake and its cardiovascular and antitumoral effects: olive oil intake increases the levels of OA, which can modulate the membrane structure with a concomitant regulation in the localization and/or activity of signaling proteins (G-proteins, PKC, and adenylyl cyclase) (5) . Regulation of adenylyl cyclase activity controls blood pressure (47) , in agreement with the hypotensive effects of OA derivatives (Spain-Patent 200102269).
H II -prone phospholipids, such as PE, are involved in a number of cellular functions, including the development of endocytic (membrane fission) and exocytic (membrane fusion) processes (42) and the regulation of activities of membrane proteins (2, 48) . PE has been shown to accumulate at the cleavage furrow during cell division in E. coli (23) and exhibits a chaperone-like activity in E. coli (3) . The high proportion of PE in membranes and the precise regulation of their levels indicate that this lipid has a great functional relevance (49) . Because PE is a major membrane lipid species capable of organizing into nonlamellar phases, and the FA composition modulates the membrane properties, this work was designed to study the effects of OA (and its congeners EA and SA) on membrane mesomorphism. In this context, the FA concentration and the conformation of its double bond appeared to be important factors that influenced the properties of macrostructures formed by the mixtures used in this study. Thus, OA induced important concentration-dependent alterations in the supramolecular organization of PE derivatives, whereas the closely related FAs, EA and SA, did not. OA probably exerted a lateral pressure on PE FA moieties, favoring a negative-curvature strain. This effect induced the formation of inverted tubular micelles, which are the basic supramolecular units of the H II -phase lattice. This hypothesis is consistent with the marked decrease of the L ␣ -to-H II phase transition temperature induced by OA. In contrast, EA and SA exerted very modest effects on PE structural properties. The different effects promoted by OA, EA, and SA on lipid mesomorphism could be also explained from the point of view of the lipid packing parameter (50) . This property has been used to explain secondary structures formed by membrane lipids (51) . Thus, lamellar phases are favored by cylinder-shaped phospholipids (e.g., PC with a bulky polar head), and inverted micelles, such as H II phases, are formed by truncated coneshaped phospholipids (e.g., PE with a small polar head). With respect to the FA structure, OA (18:1 cis ⌬9) has a "molecular shape" similar to a boomerang, whereas EA (18:1 trans ⌬9) and SA (18:0) resemble a rod. This is the main structural difference between OA and its congeners EA and SA. In fact, the chemical compositions of OA and EA are identical (C 18 O 2 H 34 ), while SA (C 18 O 2 H 36 ) has only 2 H more because of the absence of double bonds. The effect of OA cannot be only attributed to the presence of a double bond, since EA did not exert similar effects on PE structure. Moreover, EA and SA, which differ in chemical composition but are closer in terms of "molecular shape," appeared to have similar (modest) effects on the membrane structure. Then, OA effects on PE lipid mesomorphism are most probably due to its molecular structure. Epand et al. (31) observed an enhanced ability of OA, with respect to other FAs, for lowering the bilayerto-hexagonal phase temperature at different pHs. Our hypothesis, based on the FA "molecular shape," also explains the ability of OA to facilitate nonlamelar phases from a complementary point of view. Moreover, the present study identifies each phase coexisting in multi-phase regions, whose extent is dependent not only on the FA conformation but also on its concentration.
The thermal compressibility factor of the different phases also evidenced differences between OA, EA, and SA on the behavior of PE macrostructures. The compressibility of the L ␣ -lattice parameter ( ∂d / ∂T Х Ϫ0.013 nm/ЊC) was similar for all DEPE samples studied. For DEPE H II phases, the thermal compressibility factor was about Ϫ0.022 nm/ЊC. However, the presence of OA in DOPE membranes (DOPE-OA, 20:1, mol/mol) induced a marked alteration of this parameter ( ∂d / ∂T ϭ Ϫ0.014 nm/ЊC). Conversely, EA did not induce any decrease in the DOPE lattice thermal compressibility factor ( ∂d / ∂T Х Ϫ0.022 nm/ ЊC). These results highlight, on one hand, the influence of OA on nonlamellar membrane structures, and suggest cooperative effects between OA (FFA) and the FA moi-eties (also OA residues) of DOPE. A direct effect of this cooperativity is an improved packing of DOPE molecules in the H II structure.
EA and SA had little effect on the L ␣ -to-H II DEPE phase transition temperature (⌬T ϭ Ϫ4 and Ϫ1ЊC, respectively) at a molar ratio 20:1 (DEPE-FA). In contrast, OA induced very important alterations of this temperature (⌬T ϭ Ϫ16ЊC) at the same molar ratio (Table 1, Fig. 1) . As a matter of fact, for the DEPE-OA mixture at a molar ratio of 20:1, L ␣ phase was not observed as a single phase and at a molar ratio of 10:1 was not observed at all. Similarly, the POPE-OA mixture (10:1, mol/mol) showed a decrease in the L ␣ -to-H II phase transition of about 20ЊC, albeit here L ␣ phases appeared over a narrow temperature range, indicating that the effect of OA depended also on the FA moieties species of the PEs.
In summary, the present work quantifies the effects of the FAs OA, EA, and SA on membrane structure. From the structural behavior of the model systems studied here, we conclude that the FA molecular shape facilitates the H II phase formation by modulating the bilayer curvature. This regulation of the membrane structure explains in part the modulation exerted by OA on membrane and cell functions: membrane fluidity, permeability, domain formation, exo/endocytosis, cell division, signal transduction, membrane protein (G-proteins, G-protein-coupled receptors, adenylyl cyclase) activities, blood pressure control, and antiproliferative (antitumoral) effects.
